Short-peptide supramolecular (SPS) hydrogels are a class of materials that have been found to be useful for (bio)technological applications thanks to their biocompatible nature. Among the advantages reported for these peptides, their economic affordability and easy functionalization or modulation have turned them into excellent candidates for the development of functional biomaterials. We have recently demonstrated that SPS hydrogels can be used to produce high-quality protein crystals, improve their properties, or incorporate relevant materials within the crystals. In this work, we prove that hydrogels based on methionine and tyrosine are also good candidates for growing high-quality crystals of the three model proteins: lysozyme, glucose isomerase, and thaumatin.
Introduction
In the biological macromolecules field, where sample impurity has been a relevant issue for many years, it is generally thought that the participation of any new additive, such as gel precursors, could be detrimental to the crystallization, affecting the final crystal properties. In contrast, it is well accepted that the use of gels may help control and facilitate the growth of bigger and higher-quality crystals for inorganic materials [1] [2] [3] . Nowadays, researchers are being convinced about the advantages of using gels in protein crystallization, such as the reduction of sedimentation, the inhibition of twinning formation, and the reduction of convective flow, which simulates microgravity conditions [4] . However, the use of gels is still largely unexplored in applications for protein crystallography [5] .
Although fundamental studies on the crystallization of proteins in gel media have never stopped, we reckon that this strategy has not burst yet. Already in 1999, the term reinforced protein crystal was introduced for crystals grown in silica gels, which showed a higher robustness due to the incorporation of the gel fibers into the crystalline network [6] . It was also demonstrated that protein crystals grown in agarose are more stable against osmotic shocks generated when a crystal is transferred from its mother liquid to a solution containing for example a ligand, inhibitor, cryoprotectant agent, or heavy atom [7, 8] . Gels facilitate handling crystals [9] , avoiding their deterioration, and making it even the collection of diffraction data at room temperature possible [6, 10] .
Generally, agarose gels [4] are the most used gel for protein crystallization due to their easy preparation and handling. Other gels such as silica, polyethylene oxide (PEO), polyacrylamide, dextran, sephadex, cellulose gels, or their derivatives, including methyl or hydroxymethyl derivatives, have also been tested in biomacromolecules' crystallization [3, 4] . More recently, novel gels based on polymers such as polyvinyl alcohol, calcium alginate beads, or new synthetic ones such as poly(N-isopropyl-acrylamide-co-n-butyl methacrylate) [3] and hydrophilic PEG (poly(ethylene glycol)) [11] have also been tested in protein crystallization. PEG-based hydrogels are also very promising for biological and biomedical applications, including biosensors and macromolecular drug delivery, due to their low toxicity and lack of immunogenicity [12, 13] .
Lately, we have been exploring the incorporation of short peptide supramolecular (SPS) hydrogels to extend the pool of gels to novel biocompatible and biodegradable materials with broad biological and technological applications [14, 15] . The use of these easily and broadly functionalizable compounds significantly expands the field of protein crystallization, allowing the study of the influence of the peptide chemical composition and chirality in crystallogenesis [16, 17] . Besides, the incorporation of the gel fibers does not influence the three-dimensional (3D) structure, as previously observed with many other hydrogels; eventually, it influences the packing, generating new polymorphs [16] . Moreover, these peptide hydrogels are able to modulate the physicochemical properties of the crystals, altering their stability and dissolution rate. An increased stability and in vivo short half-life of the crystals, as produced by these compounds, is of great advantage to control the drug delivery of therapeutic proteins (biopharmaceuticals). In particular, we have recently shown that insulin crystallized in Fmoc-AA (Fmoc-Ala-Ala-OH) short peptide hydrogels increases its stability, leading to thermally stable insulin crystals [18] . Although insulin crystals described in this patent were obtained in di-alanine hydrogel, the possibility of using other type of dipeptides is also mentioned. At this respect, this is the first report in which Fmoc-MF and Fmoc-Y have been used for protein crystallization.
Materials and Methods
All the materials were of analytical grade and used without further purification. Fmoc-MF (Fmoc-Met-Phe-OH) was synthesized by solid phase protocol, as previously described [19] . A TEM image of the xerogel as well as rheological data are included in the Supplementary Materials (Figures S1 and S2). Fmoc-Y (Fmoc-Tyr-OH) was bought from Sigma-Aldrich. The rheological data of this hydrogel is included in the Supplementary Materials ( Figure S2 ).
Hydrogel Preparation
For the formation of the Fmoc-MF hydrogel, we followed a previously reported protocol [20] . Briefly, the Fmoc-MF hydrogel precursor was weighted in an Eppendorf tube and suspended in ultrapure water to the final concentration. The suspension was sonicated in an HSt Powersonic 603-ultrasonic bath (Hwashin Technology Company, Korea) for 10 min, followed by the addition of NaOH 0.5 M. After each addition, the sample was vortexed and sonicated until a clear solution was obtained, typically at pH 9.5. Then, the solution was diluted with ultrapure water to fit the final concentration. Hydrogelation was driven by adding two molar equivalents of glucono-δ-lactone (GdL) (Alfa Aesar, Karlsruhe, Germany) and vortexed for five seconds. The obtained sol was left sitting for 12 h, approximately, to obtain the column of gel.
Hydrogels Fmoc-Y were prepared in Eppendorf tubes by dissolving the peptide in DMSO (dimethyl sulfoxide) followed by the addition of Milli-Q water to reach a final volume of 100 µL [21] . The volume relationship of DMSO:water depended on the final concentration of the hydrogels being 5:95 for 0.2 wt%, 10:90 for 0.5 wt% and 0.75 wt%, and 15:85 for 1.0 wt%.
Prior to loading the protein, all the hydrogels were purified by dialysis by adding 1 mL of Milli-Q water on top of the hydrogels and changing the water every day for a week. 
Crystallization Experiments
Lysozyme (chicken HEWL) and Thaumatin from T. daniellii were purchased as a lyophilized powder from Sigma (L6876 and T7638 respectively), and glucose isomerase (D-xylose-ketol-isomerase) from S. rubiginosus was purchased as a crystal suspension from Hampton Research (HR7-100, Aliso Viejo, USA). The lysozyme was dissolved and dialyzed in 50 mM of sodium acetate, pH 4.5. Glucose isomerase (GI) crystals were dissolved in Milli-Q water and extensively dialyzed against 100 mM of Hepes pH 7.0. Thaumatin was dissolved in Milli-Q water. Protein concentration was determined spectrophotometrically at 280 nm prior to setting the crystallization experiments and after filtration through an 0.45-µm pore size membrane.
We used the counter-diffusion technique in two-layer configurations to run the crystallization experiments. In order to charge the hydrogel, the protein solution at twice the final required concentration was poured on top of the gel layer, and left to diffuse into the hydrogel for one week following the previously detailed protocol [17] . Then, the equilibrated protein solution was substituted by the precipitant cocktail, and the experiments were kept at 295 K using incubators.
Fmoc-MF was evaluated with the three model systems: lysozyme, thaumatin, and glucose isomerase, while the commercial Fmoc-Y was tested only with lysozyme. Reference crystals were obtained in agarose using an identical set-up. The experimental conditions are summarized in Table 1 . 
X-ray Data Collection and Analysis
Crystal quality was determined by X-ray diffraction data collected at beam lines XALOC (ALBA) [22] and ID23-2 (ESRF) [23] of the Spanish and European synchrotron radiation sources, respectively. Shortly, crystals were extracted from the hydrogel using a Pipetman (200 µL) with the tip-end cut and deposited over a plastic Petri dish. Drops of the recovered precipitant or the precipitant plus cryoprotectant (20% v/v glycerol) were deposited nearby. Selected crystals were transferred to either the precipitant solution for final cleaning, or directly to the cryoprotectant solution with the help of a LithoLoop (Molecular Dimensions Inc.). Then, crystals were flash cooled in liquid nitrogen and saved for data collection. The data collection configuration was kept constant for each series and protein. We collected data from at least two crystals of each hydrogel concentration and type. Full data processing statistics are included in Tables 2-4 , for the best crystals of each protein and hydrogels, complemented with the data in Tables S1-S4 summarizing the data for all the collected crystals.
Results
Fmoc-Y hydrogel has already been prepared and characterized [24, 25] , while Fmoc-MF was produced and characterized in our laboratory [19] . In both cases, they form a gel in the concentration range used in this work, 0.2% to 1.0% (w/v). Rheological data showing an increase of the viscoelastic moduli as a function of gel concentration is reported in the Supplementary Materials ( Figure S2 ). Fmoc-MF and Fmoc-Y hydrogels were tested as media for protein crystallization with the model proteins lysozyme, glucose isomerase, and thaumatin, using the two-layer configuration of the counter-diffusion technique. Crystals of the three model proteins were obtained using Fmoc-MF hydrogels (Figure 1 ). Although the comparison of nucleation density has to be done with care when using counter-diffusion techniques, due to the evolution of the supersaturation within the length of the experiment, we observed that in the case of lysozyme, the number of crystals at low gel concentration, for instance 0.2% (w/v), was lower than the experiment done in agarose at 0.5% (w/v). This result can be explained by the well-known capability of agarose hydrogel to induce the nucleation of lysozyme [26] . It is also observed from Figure 1A that the number of crystals increased with the increasing Fmoc-MF, reaching agarose nucleation density when the concentration was 1.0% (w/v). Contrarily, thaumatin showed a much higher nucleation density in Fmoc-MF at any concentration than the reference experiment in agarose. As the records on the effect of agarose on the nucleation of thaumatin are not available, we cannot attribute this enhancement of nucleation to the Fmoc-MF hydrogel; it could also be an inhibition effect of agarose over the nucleation of thaumatin. In the case of glucose isomerase, there was some enhanced nucleation density in the experiments with agarose when compared to those run in Fmoc-MF, regardless of the concentration of the hydrogel. Overall, the effect could be the promotion of nucleation induced by agarose fibers or an inhibition effect of the Fmoc-MF hydrogel.
As already described for other dipeptide hydrogels [16, 17] , and with hydrogels in general [4] , Fmoc-MF hydrogels grown with lysozyme crystals had very high quality, as shown by several crystallographic indicators (resolution limit, mosaicity, B-factor, and I/σ), and compared well with those obtained in agarose as reference ( Table 2 and Table S1 ). The diffraction data quality from lysozyme crystals was independent of the hydrogel concentration, although some improvement was observed particularly for one of the crystals grown in 0.75% (w/v) being the best one of this series, as was shown not only for the highest resolution limit, 1.15 Å resolution, but also from the lower values of the B-factor and mosaicity, which corresponded to a 20% and 40% improvement, respectively, respect to the average values.
This result can be explained by the well-known capability of agarose hydrogel to induce the nucleation of lysozyme [26] . It is also observed from Figure 1A that the number of crystals increased with the increasing Fmoc-MF, reaching agarose nucleation density when the concentration was 1.0% (w/v). Contrarily, thaumatin showed a much higher nucleation density in Fmoc-MF at any concentration than the reference experiment in agarose. As the records on the effect of agarose on the nucleation of thaumatin are not available, we cannot attribute this enhancement of nucleation to the Fmoc-MF hydrogel; it could also be an inhibition effect of agarose over the nucleation of thaumatin. In the case of glucose isomerase, there was some enhanced nucleation density in the experiments with agarose when compared to those run in Fmoc-MF, regardless of the concentration of the hydrogel. Overall, the effect could be the promotion of nucleation induced by agarose fibers or an inhibition effect of the Fmoc-MF hydrogel. Similar results were obtained in the case of thaumatin and glucose isomerase ( Table 3 and  Tables S2 and S3 ) for which the resolution was almost the maximum attainable with the beam-line configuration, and was comparable only to those obtained also in agarose gel or under microgravity conditions [8, 16, 27] .
In order to extend the pool of compatible hydrogel for protein crystallization, we included the already known and characterized Fmoc-Y hydrogel as crystallization media. We also studied the influence of the hydrogel concentration on the nucleation density of the lysozyme. As shown in Figure 2 and the inserts, we did not observe significant differences in the nucleation density, for the lower (0.2% w/v) and higher (1.0% w/v) hydrogel concentration, other than what was expected due to the lower diffusion rate in the higher hydrogels' concentration experiments, nor when compared with the reference experiments carried out in agarose hydrogel ( Figure 1A) . More relevant were the X-ray diffraction data, which were of the highest quality measured during this investigation with values of I/σ(I) over 4.0 at 1.0 Å, indicating that those crystals could diffract well at resolution higher than 1.0 Å. In order to extend the pool of compatible hydrogel for protein crystallization, we included the already known and characterized Fmoc-Y hydrogel as crystallization media. We also studied the influence of the hydrogel concentration on the nucleation density of the lysozyme. As shown in Figure 2 and the inserts, we did not observe significant differences in the nucleation density, for the lower (0.2% w/v) and higher (1.0% w/v) hydrogel concentration, other than what was expected due to the lower diffusion rate in the higher hydrogels' concentration experiments, nor when compared with the reference experiments carried out in agarose hydrogel ( Figure 1A) . More relevant were the X-ray diffraction data, which were of the highest quality measured during this investigation with values of I/σ(I) over 4.0 at 1.0 Å, indicating that those crystals could diffract well at resolution higher than 1.0 Å. 
Conclusions
We have shown in this work that two new SPS hydrogels based on methionine and tyrosine are suitable for the crystallization of proteins, namely lysozyme, thaumatin, and glucose isomerase. The obtained crystals diffracted X-rays at the maximum expected limit, demonstrating, once more, the benefits of growing crystals in media with mass transport controlled by diffusion. Contrary to the effect of other hydrogels, the range of concentration used in this work does not seem to influence the shape of crystals, which may ease the optimization process. We also show that the intrinsic composition of the hydrogel may influence the nucleation and hence the final size of the crystals. It is also important to note that since the hydrogel gets incorporated within the crystals, without disrupting the long-range ordering, the final product-that is, the hydrogel embedded in the protein periodic array-represents a distinctive composite material that may have relevant applications in biotechnology and medicine.
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